Abstract. Titanium alloy-Ti6Al4V is an important aerospace alloy with excellent properties but it is classified as difficult to machine material that requires an alternative manufacturing process. Laser metal deposition process is an ideal alternative manufacturing process that can offset most of the problem encountered while processing the alloy using the traditional manufacturing method. Processing parameter play an important role in the resulting properties of material processed using the laser metal deposition process. The key processing parameters that have significant influence in the properties of the processed material in laser metal deposition process include laser power, scanning speed, powder flow rate and gas flow rate. In this study, the effect of powder flow rate on the evolving microstructure and microhardness of Ti6Al4V using the laser metal deposition process is investigated. The laser power, scanning speed and powder flow rate were kept constant while the powder flow rate was varied between 1.44 g/min and 7.2 g/min. The results showed that the microhardness increased as the powder flow rate was increased. The microstructure was found to change from coarse Widmanstätten alpha to coarse martensitic alpha as the powder flow rate was increased. This study is important to know the required powder flow rate to be employed in order to achieve the desired properties during building of new part as well as repair.
Introduction
Laser metal deposition (LMD) process is an advanced manufacturing process that is one of the classes of additive manufacturing technologies capable of producing three dimensional object and repair of high valued parts [1, 2] . Laser metal deposition process is a contactless manufacturing process that is used for difficult to process materials such as Ti6Al4V [3] . Aerospace industry is in dear need of technology such as LMD process to reduce buy to fly ratio and for repair of high valued components that were not repairable in the past [4, 5] . The flexibility offered by the LMD process makes it possible to fabricate parts made of composite and functionally graded materials [6] [7] [8] [9] [10] .
Processing parameters are of great importance in the laser metal deposition process because they affect the resulting microstructure and hence the properties of the deposited materials. A number of studies have been carried out in the literature to understand the influence of processing parameters on the economy and properties of laser metal deposited materials [11] [12] [13] [14] [15] [16] . In this study, the influence of powder flow rate on the microstructure and microhardness of laser metal deposited Ti6Al4V. Ti6Al4V is an important aerospace alloy that is widely used because of its excellent properties [17] . Other processing parameters were kept constant and the powder flow rate was varied to understand the effect of this single process parameter on the properties.
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Materials and Methods
The materials used in this study are the Ti6Al4V powder and substrate. The Ti6Al4V powder is of 99.6% pure and of particle size analysis of between 150 µm and 350 µm. The substrate is a sheet of 5mm thick. The laser used is an Nd: YAG laser of maximum capacity of 4.0 kW. The substrate was sandblasted and rinse using acetone before carrying out the deposition process to remove dirt and aid laser absorption process. The laser power, the scanning speed and the gas flow rate were fixed at 3 kW, 0.05 m/s and 2 l/min respectively. The laser focal length was fixed at a distance of 195 mm above the substrate to keep the spot size at a constant value of 2mm. The powder flow rate was varied between 1.44 g/min and 7.2 g/min. The experimental matrix is presented in Table 1 . After the deposition process, the deposited samples are sectioned across the deposition direction to reveal the cross section of the samples. The cut samples are mounted in hot resin. The mounted samples are ground and polished following the standard metallurgical preparation of titanium and its alloys [18] . The microhardness was measured on the polished samples using Metkon Vickers hardness indenter with a load of 500g, dwelling time of 15s and distance between indentations maintained at 15 µm, following the ASTM standard on microhardness measurement [19] . The polished samples are etched using Knoll reagent and then studied under optical microscope for microstructural extermination.
Results and Discussions
The results of the microhardness are shown in Table 2 . The graph of the average microhardness versus powder flow rate is shown in Figure 1 . The microhardness is seen to increase as the powder flow rate was increased. The reason for this can be attributed to the fact that at low powder flow rate, the available laser power was able to completely melt the deposited powder and also created a larger melt pool on the surface of the substrate. The larger melt pool created takes longer to solidify which resulted in the formation of Widmanstätten grains structure (see Figure 2a ) which in turn resulted in low microhardness because Widmanstätten grains are softer. At higher powder flow rate, the delivered powder into the melt pool is more and the available power is largely concentrated on melting the powder with less power to melt the substrate that promotes the formation of melt pool on the substrate. The available laser power quickly melt the powder as it is been delivered and it also quickly solidified resulting in the formation of martensitic microstructure as shown in Fig. 2b . There should be limit to which the powder flow rate should be increased. This is because, if the powder flow rate is increased beyond the capacity of the available laser power, the laser power will not be able fully melt the Ti6Al4V powder and the metallurgical integrity of the deposited sample will be compromised. This could result in improper bonding of the deposit and the substrate.
Conclusion
The effect of powder flow rate on the evolving properties of laser metal deposited Ti6Al4V has been thoroughly studied in this research work. Ti6Al4V is an important aerospace alloy that can easily be processed using the laser metal deposition process. Other processing parameters were kept at constant values while only the powder flow rate was varied. The microhardness was found to increase with increase in powder flow rate. To control the microhardness of the deposited sample, the powder flow rate can be effectively controlled.
